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SUMMARY

The Ames 2- by 2-foot transonic wind tunnel, an aeronautlcal research
facility in which the Mach number can be varied continuously from low sub-
sonic values up to l.h, is described. An adjusteble nozzle for producing
supersonic velocities and a form of perforated-wall test section for. alle-
viating wall interference effects are utillzed. Although no attempt was
made to thin the wall boundary layer ahead of the test model, control of
test section plenum-chamber pressure by means of a suctlon pump is shown
to be an effective means of reducing the maln compressor pressure ratio
requirements and over-all power consumption.

Surveys of the empty test section indicate that the local Mach number
variations are within +*0.003 over a 20-inch length of test section, up to
1.35 Mach number, and no over-all longitudinal gradients are present in

this region.

Wall interference is evaluated by comparing force and pitching-moment
measurements on three different sizes of & wing-body configuration, having
frontal projected areas of 0.09, 0.51, and 1.15 percent of the test section
ares. The tests indicate that large reductioms in interference are pos-
gible in the subsonic and low supersonic speed ranges by use of the per-
forated walls, as compared to nearly solid walls which are sufficlently
perforated in the corners to prevent choking. From these tests it 1s con-
cluded that the wall interference is smell for a model having a projected
frontal asrea of 1/2 percent of the cross-sectional area of the test section
and a wing-span-to-tunnel-height ratio of one-half.
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INTRODUCTIOR

In the development of transonic wind tunnels utilizing partly open
test-gectlion walls, the primary objectives are to abtain uniform flow in
the test reglon and to minimize wall interference on the test models.

The varicus configurations that have evolved 1in recent years to achieve
these objectives are distinguished by: (1) the type of partly open walls
forming the test section, (2) the manner in which supersonic flow is pro-
duced, and (3) the extent to which the thickness of the boundary layer
on the test-sectlon walls 1s controlled.

Two types of pertly open walls have generally been used -~ longltudil-
nal slots, and uniformly distributed perfarations. Two methods also have
commonly been employed for the generation of supersonic flow - expansion
of an initially sonic flow through the partly open walls of the test sec-
tion into a surrounding chamber (see, e.g., refs. 1 and 2), and expansion
through a convergent-divergent nozzle immedistely shead of the test sec-
tion (ref. 3). Concerning the control of the boundary-layer thickness,
it 18 known that thinning the boundary layer is desirable becasuse of
increased attenuation of reflected disturbances (refs. 4 and 5). As a
practical matter, however, the additional equipment required for this
purpose may sometimes preclude test-section boundary-layer control.

The Ames 2- by 2-foot transomic wind tunnel was designed about the
option consisting of (1) a form of perforated-wall test section, (2) a
canvergent-divergent nozzle for supersonilc flow generation, and (3) no
provision for thinning of the test-section bowmdary layer upstream of the
test models. However, a suction pump of limifted capacity 1s used to aid
in controlling the pressure in a plenum chamber surrounding the perforated
test sectlon. These choices evolved largely from consideration of the
analysls and data presented in reference.3 apd unpublished test data pre-
viously obtained with a 5- by S5-inch model test section.

In this paper the principal features of the Ames 2- by 2-foot tran-
sonic wind tunnel sre described. In addition, since many of the adjust-
ments required to establish uniform flow at transonic Mach numbers are
pecullar to this type of tunnel, the basic principles underlying them are
briefly discussed. The investigations conducted to establish the adequacy
of this test-section canfiguration as a useful facllity for aerodynemic -
research asre also recounted. The accomplishment of thils latter objectlve
required extensive measurements of the flow field and an evaluation of
the wind-tunnel wall interference. Since theoretical methods are inade-
guate at present for predictling wall-interference effects, conclusions
are hased upon comparigons of the experimentally measured aesrodynamic
charscterlstics of three scaled models of the same wing-body configuration.

_———
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NOTATION

total drag less base drag
qS

drag coefficient,

1ift

1i®t coefficient, 5

pitching-moment coefficient referred to guarter point of mean sero-

hi + )
dynamic chord, pite qgcmctmen

Mach number

power required by maln-drive compressor

power required by main-drive compressors with auxiliary suction
power required by suction pﬁmp

total power, Pg + Pp

gtatic pressure

Reynolds number

total wing area, including that blanketed by fuselage

wing span
wing chord
b/2
f c2dy
wing mean aerodynamic chord, _o_b/-z_
c dy

o

mass flow through suction pump

mass flow through main-drive compressor
free-stream dynamic pressure

radius of body

meximum body radius
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o angle of attack

n compressor efficilency . T

PART T - DESCRIPTION OF THE WIND TUNNEL

THE WIND-TUNNEL CIRCUIT

The Ames 2- by 2-foot transonic wind tunnel is of the closed-return,
variable-denslty type with a test section having perforated walls. A
schematic drawing of the tunnel circuit and of the auxiliary equipment is
presented in figure 1. As indicated in this figure, power is supplied to
the air stream by a two-stage axial-flow compressor, each stage of which
is composed of two counterrotating sets of blades. These fans are driven
by four 1000-horsepower, water-cooled, squirrel-cage induction motors.
Motor speed 1s controlled by varying the frequency of the input current.
Figure 2 1s a sectional perspective view of the nozzle, test sectlon, and
diffuser region of the wind.tunnel. -

Nozzle

g

A varlable geometry convergent-divergent nozzle is used to generate
supersonic Mach numberg up to l.4t. The nozzle is bounded by two plane
perallel walls and two flexible-plate walls of varying thickness in the
axial directlon. As described in reference 3, the plate thickness 1e
veried along the length such that when the plate is deflected by & single
Jack the deflection curve approximates the nozzle shape corresponding to
& given Mach number. In the present instance the plate thickness distri-
bution was selected to yleld the deflectlon curve corresponding tc the
nozzle shape calculated by the method of characteristics to produce a
uniform flow field of 1.25 Mach number at the entry to the test section.
For nozzle shapes other than this the flow field is only approximately
uniform at the entrance to the test section.

Test Sectlon

The test section 1s 2 feet square in cross section and 4 feet long.
The vertical side walls are parallel, but the top and bottom walls are
diverged slightly to compensate spproximately for the growth of the bound-
ary layer. The test sectlon 1s enclosed by a pressure-tight ecylinder which
forms a plenum chamber to maintaln uniform pressure on the four slde walls -
(see fig. 2). "

JEgm—
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The walls of the test section are perforated with trisngular holes
as shown in figures 2, 3, and k(a)}. The function of the perforations is
to permit a fraction of the air in the test section to bypass the test
model by flowing through the porous wells into the plenum chamber. This
condition more nearly simuletes free flight than do solid walls, because
some of the streamlines, in effect, pass through the walls (see ref. 3).
Subsonic blockage effects are thereby relieved and reflected shock waves
are attenuated at supersonic speeds. The triangular shape was selected
to achieve sweepback of the edges of the holes and to thereby minimize
stream disturbances from this source at supersonic speeds. The side walls
are constructed of alternately assembled aluminum alloy strips and plate
glass rails 1-1/4 inches deep. Glass is employed to permit visual obser-
vation of the flow. The top and bottom walls are the same except that
the rails are constructed of pressed-wood die stock l-3/h inches deep.
The triangular holes are formed from V-shaped corrugations cut in each
gide of the aluminum strips and closed on the third side by the surface
of the adjacent rail. The porosity resulting from this configuration is
6 percent (i.e., open-to-total-area ratio times 100). There are 16 alumi-
nun strips per side wall. This number is shown in reference 3 to be suf-
ficient when the wall boundary layer is not removed. :

Effuser

The stepped opening at the entry to the diffuser (figs. 2 and (b))
is called the "effuser" and serves to vent the plenum chamber to the main
stream. The elector action of the main stream flow on the effuser produces
an ocutflow of alr from the plenum chamber that is necessary to control the
pressure level in this chember. Pressure control is necessary at super-
sonic speeds in order to prevent the low-energy air, entering the plenum
chamber from the test section due to the blockage of the model, from
re-entering the test section upstream of the model. At Mach numbers near
unity the step and gap of the effuser prevent “choking™ of the flow at the
end of the test section by providing area campensation for air entering
the diffuser from the chamber, and for the model support. The effuser
gettings found to be the most satisfactory (for the size of model shown
in fig. 3) for controlling the pressure in the chamber are presented 1n
figure 4(b).

~ The effuser is of very low efficiency; hence it is supplemented by
an auxiliary suction pump (fig. l), consisting of a centrifugal compressor
of sufficient capacity to remove up to 1—1/2 percent of the main tunnel
mass flow at Mach number of unity. This size of compressor was used only
because it was available at the laboratory when this wind tunnel was built.
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Model Support

Models are sting-supported from a horizontal strut in the diffuser,
as indicated in figures 2 and 3. The maximum angle of attack attalnable
with straight etings is +8°; for higher angles of attack bent stings are
utilized. The angle-of-attack mechanism is constructed in such a manper
a8 to maintain the model center of rotation within l/32-inch of the tunnel
center line for straight stings. With the model rotated 90° on the sting,
angles of yaw of *8° may be encompsssed.

" AUXTLIARY EQUIFMENT

Auxiliary equipment 1s provided for controlling the pressure, tempera-
ture, and humidity in the wind tunnel. The tunnel is evacuated by use of
two rotary-type, single-stage vacuum pumps mounted in parallel. Air ia
supplied to the tunnel from a storage tank, charged with dry alr by a
rake-up compressor and alr drier. The alr drler is an adsorptive type
using silica gel as the active agent, and is capable of maintaining the
absolute humidity of the air at a value less than 0.0003 pound of water
prer pound of air. The ratio of storage tank to tunnel volume 1is 1/5; maxi-
mum tank pressure is 75 pounds per square inch gage. The temperature in
the wind tunnel is controlled by means of cooling coils located, as shown
in figure 1, downstream of the drive motors.

INSTRUMENTATION

Model Balsnce

A representative six-component resistance-type strain-gage balance
used to measure model 1lift, drag, side force, and pitching, yawing, and
rolling moments 1s illustrated in figure 5. The balance, which is of the
flexure pivot type, is designed to be housed entirely within the model

body.
Mach Number Indication

Mach number is determined from the statlic pressure in the test-section
DPlenum chamber and the statlc pressure in the upstream settling chamber.
The plenum-chamber pressure was calibrated against the test-section static
pressure determined from axial tube surveys and found to be essentially
the same. )

Ly
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Mach number is indicated sutomatically to an accuracy of +0.001 by
means of a "Mach meter." This device consists basically of two barcmetric-
type mercury U-tubes, one of which measures settling-chamber static pres-
sure, and the other plenum-chember statlic pressure. Encircling one side
of each U-tube, and mounted on a servo-driven lead screw, is & differential
transformer which automatically follows an iron float on the mercury
column. The positions of these lead screws indicate the pressures; the
ratlo of these pressures is automatically computed and indlcated.

Schlieren Apparatus

The surfaces of the plate glass rails in the sides of the test sec-
tlon are not sufficiently plane or parallel to permlt the use of conven-
tional black and white schlieren. Each rail refracts the light beem in
a different direction so that there is no common focal point for the image
of the light source. As a result, for any given position of the knife
edge, the schlieren pattern of the flow field is nonuniformly iiluminated.
Changing the position of the knife edge brings the field into focus for .
other ralls and loses it for the original ones. These conditions seri-
ously reduce the usefulness of the conventional black snd white schlieren
for research work.

For these reasons a colored schlieren system 1s employed similsr to
that described in references 6 and 7. With this arrangement the slit
replacing the knife edge at the image focal point can be adjusted so that
a schlieren field is obtalned for all rails simultaneocusly. The variable
amounts by which the light rays are diverted by the various ralls leads,
however, to a multicolored background. A complete picture of the shock-
wave pattern is nevertheless cbtained under 211 flow conditions for a
single position of image slit.

OPERATION

Mach Number Control

Phe Mach number in the test section at subsonic speeds is controlled
by varying the compressor pressure ratic in the same manner as is done
for a conventional solid-wall subsonlic wind tunnel. At supersonic speeds
Mach number variation is achleved by control of the flexible nozzle shape,
the compressor pressure ratio, and, to some extent, the pressure in the
plenum chamber surrounding the test section. The Mach number at the nozzle
exit is determined, of course, by the nozzle shape, but the pressure in
the plenum chamber finally determines the average Mach number in the test
section. In general, When the plenum-chamber pressure is lower than that
of the nozzle exit, air will flow out of the test section into the plenum



8 i NACA RM ASSI21

chamber, resultingfig_a higher sverage test-sectlon Mach number than that
at the nozzle exit. When the plenum-chamber prespure is higher than thet
at the nozzle exit, the reverse is true. The baslc criterion for tumnel
operation at supersonic Mach numbers that has been selected is to maintain
the plenum-chamber pressure equal to that at the nozzle exit for a given
nozzle setting. This procedure minimizes flow in or out of the test sec-
tion ahead of the model and thereby minimizes disturbances that emanate
from the beginning of the perforated region. The maximum attainable test-
section Mach number is 1l.k.

The effuser alone actually affords sufficient control of the plenum-
chamber pressure to control the test-section Mach number, but 1t is by
nature a device of very low efficiency. It is therefore supplemented with
an auxiliary suction pump which removes air from the plenum chamber (in
place of allowing it to be espirated out through the effuser) and returns
it to the air stream in the diffuser region of the circuit. The use of
this auxiliary suction pump results in considerably lower pressure-ratlo
requlrements from the main compressor for supersonlc operatlon. It is to
be noted that, by virtue of the limited capaclty of the suction pump
(approximately 1-1/2 percent of the tunnel mass flow at a Mach number of
unity) no attempt is made to employ the pump to thin the test-sectiom-
wall boundary layer.

Reynolds Number

As in eny other wind tunnel, the attalnsble Reynolds number 1s gov-
erned by model size and the power avallable in the drive motors. The
maximm Reynolds number per foot presently attalnable in the 2- by 2-foot
transonic wind tunnel is shown in figure 6 as a function of Mach number
for a representative wing-body combination at angles of attack of 0° and
8°. The inflections of the curves in the region of 1.05 Mach number
coincide with the application of auxiliery suction to the test-section
plenum chamber. The naoticeable increase In attainable Reynolde number
is the result of main-drive power savings afforded by auxiliary suction.

PART IT - CALTBRATTION OF THE WIND TUNNEL

OBJECTIVES

To appraise the usefulness of this wind tunnel for three-dimensional
model testing, surveys were made of the tunnel-empty Mach number distri-
bution, and the interference of the test-section walls on the model test
data was assessed. The wall-interference tests were initiated with two
objectives in view: —(1) to determine the alleviation of interference, and

b ]
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(2) to determine the maximum permissible model size for three-dimensional
model testing. These objectives were accomplished by comparing the 1ift,
drag, and pitching moments of three different scaled models of a wing-body
configuration measured in the porous test section with corresponding values
obtained with quasi-solid side walls sufficiently open at the corners to
prevent choking.

. APPARATUS

The Mach number distribution in the test section was measured by
means of an axial tube extending from the settling chamber downstream
through the nozzle, test section, effuser, and terminsting in the dif-
fuser. This tube, 1/2-inch in diameter, has 1k longitudinal pressure-
measuring stations on 12-inch centers. At each measuring station there
are three static orifices locsted at 120° intervals on the periphery.

The supporting structure at each end was designed so that the axis of the
tube could be located at any cross-sectlonal coordinate of the test sec-

tion in the absence of the model support; and, through external controls,
the tube could be translated to obtaln axial surveys at all longitudinal

stations.

All pressures were measured with tetrsbromoethene msnometers to the
nearest 0.03 inch.

Three sizes of the wing-body configuration shown in figure 7 were
employed. They blocked 0.09, 0.51, and 1.15 percent of the tunnel cross
section (based on projected frontal area of models). The corresponding
wing-span-to-tunnel-width ratios were 19.6, 45.6, and 68.4 percent. Here-
inafter, these models are referred to as the small, medium, and large
models. A photograph of the medium model mounted in test section is
shown in figure 3.

The large differences in the size and force reactions of the three
models required the use of a different balance with each model. The bal-
ence used wilth the small model was a bearing-pivot-type strain-gage balance
located in the sting, outside of the model. It was used to measure 1ift
and drag forces only - pitching moment was obtained from & separaste strain-
gage beam mounted inside the fuselage. Forces on the medium and large
models were measured with the flexure-pivot balances of the type previ-
ously described. The sting supports of all three models were geometricelly
gimilar in order to preclude discrepancies in the measured date from dif-
ferences in support interference. In the case of the small model a shroud
was used to cover the actusl sting and external balasnce so as to obviate
aerodynemic tares.
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TESTS

Mach Number Surveys

Measurements of tunnel-empty Mach number distributions were made at
Mach number increments of 0.05 in the range from 0.80 to 1.40. Settling-
chamber pressure was mainteined at 15.0 pounds per square inch absolute,
and temperatures held between 90° and 120° F. Local Mach numbers were
measured at 2-inch intervals throughout the length of the test sectlon
at 13 cross-sectional stations. The cross-sectlonal region surveyed was
6 inches either side of the vertical center line, and between 4 inches
and 8 inches sbove the horizontal center line. Observations closer than
4 inches to the horizontal center line were prohibited by mechanical inter-
ference between the axial tube and the horizontal strut containing the
angle-of-attack mechanism (see fig. 2).

Since the orifices on the tube were spaced at 12-inch intervals, six
positions, 2 inches apart, sufficed for each survey. Data were also taken
at the seventh 2-inch increment, however, to determine whether any dis-
crepancy existed in. the pressures measured by adjacent orifices at iden-
tical positions in the air stream. Six of the 14 orifice stations avail-
able were required to span the length of the test section and portians of
the nozzle and diffuser of interest. S . S .

The local Mach number corresponding to each free-stream statlc-
pressure reading was calculated using settling-chamber static pressure
for total head. A reference Mach number, corresponding to the plenum-
chamber pressure, was computed for each of the 2-inch incremental loca-
tions of the axlal tube. The local Mach numbers were then corrected to
account for the change in reference Mach number taking place during each
survey by adding or subtracting the difference between the two reference
Mach numbere corresponding to the local Mach mumber. The magnitude of
this correction never exceeded 0.001 Mach number.

A second correction was necessitated by the difference in pressures
measured with adjacent orifices at the same axial pogition. This cor-
rection was considered equal to the difference in Mach numbers computed
from pressure readings obtained with adjacent orifices at the same stream-
wise location. It was spplied to all six readings of five of the six
orifices; reasdings from the sixth orifice (the readings from which most
closely agreed with plenum-chamber static pressure) were left unchanged.
Thege Mach number corrections were of the order of 0.003 and 4id not
exceed 0.007.
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Wall-Interference Tests

Lift, drag, and pitching moments were obtained for each of the models
in the Mach number range 0.60 to 1.30 at Reynolds numbers of 0.6 and 1.5
million based upon the mean aerodynsmic chord, and at angles of attack
varying from -5° to +13° approximstely. The measured drag was adjusted
to correspond to a condition of free-stream pressure acting at the model
base.

The estimated accuracies of the measurements, based upon the abllity
to repeat data, are within the limlts given in the following teble:

(o8

deg Cr, Cp Cn
Small model. |*0.10 |+0.,020 |+0.0021L |*0.00L
Medium model | #.02 | +.012 | *+.0006 +.,005
Lerge model | +.02 | +.00% | +.0006 | +.001

Replacement of the porous side walls with quasi-sollid ones was
effected by sealing .all longitudinal rows of perforations, except two
rows in each corner, with cellophane tape. By this means the open area
was reduced from 6 percent to 3/4 percent, which was sufficlent to pre-
vent choked flow for all three sizes of models throughout the angle-of-
attack and Mach number ranges Investigsted.

RESULTS AND DISCUSSION

Tunnel -Empty Flow Characteristics

In figures 8(a) and (b) are shown tunnel-empty longitudinal Mach
number distributions which were measured } inches above the tunnel center
line. Transverse Mach number varistions were found to be negligible in
the test region and therefore dete at other cross-sectional stations have
not been presented. To disclose the sources of the larger longitudinal
variations, these figures include data for the latter portion of the nozzle
and the initisl portion of the diffuser as well. From flgure 8(e) it is
clear that, at subsonic speeds, from stations 5 to L0, local Mach number
varistions are practicslly nonexistent. In the supersonic range, for Mach
numbers up to 1.35, between stations 20 and 49 (fig. 8(b)) the varietions,
while larger, are still inconsequential, amounting to less than +0.003.

At 1.4 Mach mumber, the region between stations 22 and 49 shows variations
within #0.005. There are, furthermore, no over-all gradients evident &t
any Mach number. It is thus evident that at all Mach numbers up to 1.35,
the region from stations 20 to 4O - a distance of 20 inches - is suitable

. .
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for model testing. Between 1.35 and 1.40 Mach number the region sultable
for testing 1s 2 inches shorter on the upstream end, and the Mach number
variation is somewhat greater.

It is to be observed that the variations in Mach number occurring
outside this test region (stations 20 to 40) are entirely different in
the subsonic and supersonic Mach number ranges. At subsonic Mach numbers,
the principal veriation consists of a gradient at the downstream end of
the test section, beginning at station 38 and increasing in megnitude and
extent with Mach number.! Increasing the rate of ailr removal from the
Plenum chamber by use of the suction pump has been found to aggravete the
gradient. At supersonic speeds this gradient is entirely absent from the
test sectlon, even with the use of auxiliary suctlon; but there are pro-
nounced Mach number veriations at the upstream end of test section, the
magnitudes of which increase with Mach number. In addition, at M = 1.25
end above, an overexpansion of significant and increasing magnitude appears
in the nozzle itself.

There is & plausible explanation for the dlsappearance of the gradi-
ent at the downstream end of the test section at supersonic Mach numbers,
based upon the fact that at subsonlc speeds, expanding streamlines are
accompenied by a decelerating flow, and at supersonic speeds, by accel- ~
erating flow. At subsonic speeds the passage of air ocut of the main stream
into the plenum chamber via the perforations in the walls causes the sgtresm
to slow down. This slowing down increases the free-stream static pressure
which, 1n turn, increases the amount of air flowing from the main stream
into the plenum chamber. An initlally unstable situation therefore exists,
for which equilibrium is eventually attained, but only after a large Mach
number gradient appears at the downstream end of the test section. The
- Pact that the gradient appears only near the end of the test section is

predicted by mathematical analysis and substantlated by experimental data
in reference 8. At supersonic Mach numbers, conditions are reversed and
the gradient in the test sectlion is not evident. Passage of air from the
main stream to the plenum chamber causes the Mach number to increase, the
free-stream static pressure to decrease, the rate of flow of alr into the
Plenum chamber to diminish, and the Mach number gradient of the main stream
to correct itself. :

The Mach number veariations occurring in the upstream portion of the
test section at supersonic Mach numbers can be traced to their source by
use of Mach lines. By sa doing it is found that the variations originate
principally in disturbances at the boundary of the flow in the vicinity

11t has been found thet this gradient region can be moved farther
dowvnstream in either of two ways; first, by modifying the effuser so as
to reduce the step and gap (fig. (b)), and second, by extending the test
section at the downstream end. The effect of reducing the step and gap
is indicated by the diamond symbols in figure 8(a). The diffuser wall
divergence Just downstream of the effuser is 1° for both settings.
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of station 1. This result is indicated by the dashed line appearing in
Pigure 8(b), marking the farthest downstream point at which disturbances
from this source intersect the axial survey line. Measurement of the
physical discontinulty between the nozzle and side walls of the test sec-
tion disclosed it to be too smell (less than 0.005 inch) to furnish an
explanation. The variatlions are therefore attributed to the inability to
attain perfect pressure equalizetion at the beginning of the perforated
region, and 1t 1s conslidered possible that by reducing the porosity in the
upstream portion of the test section the magnitude of the variations would
be significantly decreased.

The Msch number variations occurring in the nozzle result from the
fact that the pletes forming the nozzle were designed for 1.25 Mach number
(see "Nozzle™ section), and it is to be expected that the flow would
become progressively worse above this Mach number. It is to be noted
that at M = 1.35 ard below, all disturbances originating at station 1,
as well as those arising 1n the nozzle, are practically eliminated after
the first impingement on the porous side walls of the test sectlon.

Wall Interference

The general term “wall interference®™ is used in this report toc mean
any effect on the aerodynamlc forces of the model resulting from the pres-
ence of the tunnel walls. Wall interference does not include support
Interference, which for this tunnel 18 reported 1n reference 9. The sup-
port interference that does exist 1n the measured dstae is invarlant between
the three models because of gecmetric similitude (see YAPPARATUSY™ section).
In the following comparisons force data for the small model are assumed to
be nearly interference-free because the blockage vas only 0.09 percent of
the cross-sectlonal area of the test section. Also, by tracing Mach lines,
it is estimated that this model is completely free of reflected disturb-
ances gbove 1.1 Mach number.

The basic date, from which both the slleviation of wall Interference
and the maximum model size permissible for routine testing are estimated,
are presented in figures 9 through 17. In these figures 1ift coefficlent
is plotted as a function of angle of attack, of drag coefficient, and of
pltching-moment coefflcient for each of the three silzes of wing-body models
tested. For purposes of analysis these data have been cross-plotted in
figures 18 through 22 so that 1ift coefficient, drag coefficient, and
pitching-moment coefficient are shown and compared as functlions of Mach
number for constant values of angle of attack.

It is to be noted in passing that, in general, the 1ift-coefficient
versus sngle-of-gttack curves (figs. 9, 12, and 155 pess through the origin
end the drag polars are symmetrical, thus indicating an absence of stream
angulerity in the case of these symmetric models (models were also tested
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in the inverted position to check for. symmetry). Furthermore, since
longltudinal variations in Mach number are a measure of stream an arity
changes and since this variation is shown by the data of figure 8 b) to
be small, the stream angularity at other locsilons of the teat section
must also be small, _.

Becauge it was not possible to_test the small model st 1.5 million

Reynolds number, c¢orrections were applied to the resuits for the small
model on the cross plots before comparing them with those for the other
two sizes. These corrections were estimated by assuming that they would
be equal to the difference between the results measured for the medium
model at R = 0.6 million and at R = 1.5 million. This correction, of
course, 1s based on the assumption that the magnitude of the wall inter-
ference is not significantly affected by the change in wall boundsary-
layer thickness corresponding to this change in Reynolds number. Since
the thickness of this boundary layer, which affects reflected disturbances,
varies only as the l/5th power of the Reynolds mmber, the assumption is
considered ressonable.

In figure 18 are shown the cross-plotted data for the medium model
corresponding to 0.6 and to 1.5 million Reynolds number. It is appsrent
thet the results generally sgree well except in three péarticular ranges:
(a) the Mach number range of 0.9 to 0.98 for Cr, and Cp, (b) the subsonic
Mach number range for minimum Cp, and (c) the high engle-of-attack range
for all components. All of these ranges are known to be sensitive to the
state of the boundsry layer, and therefore to changes in Reynolds number.
The differences of figure 18 have been applied directly to the results
for the small model to obtaln the data plotted in.figureq 19 through 21.

Alleviation of wall ipterference.- In Ffigure 19 comparative date are
presented to show the alleviation of wall interference for the large model
obtained by the use of the 6-percent-open-area walls, as contrasted with
results for the practically solid walls which had 3/h—percent -open ares.
et the corners to prevent choking. These data demonstrate that large
reductions in wall interference are obtained for all_gomponents throughout
the Mach number range from 0.6 to 1.3. The gains are shown most emphati-
cally by the Cp plots, which indicate reductions in reflected-wave
interference of as much as 80 percent "at Mach numbers between 1.0 and 1.3.
Drag, of course, is very semsitive to boundary-reflected disturbances due
to the additive effect of the waves reflecting from opposlng walls, par-

ticularly at angles of attack close to zero.

The pitching-moment-date results are somewhat anomalous. For example,
in filgure l9(c), the quasi-solid-wall data are in closer agreement with
the small model data for 6° and 8° angles of attack at high subsonlc speeds
than are the data for the 6-percent-open walls. ~Other discrepancies can
be noted at high angles of attack in the. subgonic speed range. No reason-
able explanation of these differences. ‘has been found; it can ohly be
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suggested that the polnt of boundary-layer tremnsition on the test bodies
may vary between the different models due to & difference in roughness,
even though the Reynolds numbers are the same.

Despite the reduction in interference attained by the use of the
6-percent-open walls, inspection of figure 19 reveals that a considerable
emount of residual interference still remsins for this model, assuming
the small model datae to be interference free. This observation is par-
ticularly true in the supersonic Mach number range, where discrepancies
of as much as 15 percent in Cg, 16 percent in Cp, and 19 percent in
Cm &are evident. In all three parts of the figure, at practically all
angles of attack, a rather prominent, localized increase in force and
moment coefficients, for the large model lying in the range of 1.05 to
1.20 Mach number, will be noticed. This increase 1s most pronounced in
the 1ift curves (fig. l9(a)), but it is quite evident In the drag and
pitching-moment curves as well. With increasing angle of attack, it tends
to shift in the direction of higher Mach number. These localized increases
are attributed to disturbances in the flow caused by reflections from the
test-section walls, of the shock and expansion waves emanating from the
wing. For the Mach number range under discussion this shock wave 1is
detached; hence, the stronger it becomes (as the angle of attack becomes
greater) the farther FPorward of the model it lies and the higher the Mach
number required for its reflections to intersect a glven point on the
model.

Informetion similar to that appearing in figure 19 for the large
model is shown in figure 20 for the medium model. Again it is observed
that the 6-percent-open walls produce much less interference. As for
figure 19 the plots of Cp show the greatest reduction in wall inter-
ference, and it is noteworthy that the maximum reduction again approxi-
mates 80 percent. Throughout the entire Mach number range, however, the
residual interference is very much less than that for the large model.

The maximum percenbage differences between the small and medium model
data (6-percent-open walls) at supersonic speeds cen be quoted as follows:
for Cp, 1t is as much as 5 percent (0.016 at M = 1.21, o = 4°); for
Cp it is as much as 11 percent (0.0025 at M = 1.03, o = 0°); and for
Cp it is as much as 13 percent (0.008 near M = 1.11, a = 6°). The
relisbility of these differences, as an indication of wall interference,
however, must be accepted with some reservation because the maximum,
combined, experimental errors are of the same order of magnitude as the
differences themselves (see "TESTS"). Therefore, to the accuracy of these
measurements, the data for the medium model do not require any wall-
interference corrections. At subsonic speeds differences of about 0.0l
in Cp occur at 8° angle of attack. Correspondingly, this discrepancy is
evident to a lesser extent in both 1ift and drag. This result is not
believed to be any effect of wall interference, but rather a particular
sensitivity to boundary-layer transition as previously mentioned.

I
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A more accurate_evaluation of the effects of wall Interference on R
the results for the medium size model will be possible when the model and
balance can be tested in a larger facility at s common Reynolds number. -
The problem of wind-tunnel wall correctlons mey then be re-examined.

Choice of model size.- To determine the largest size of model for S
which reliasble data can be obtained in this 2-foot-square, 6-percent-open,
porous-wall test section, the appropriate 1ift, drag, and pitching-moment
curves for each of the three model sizes appearing in figures 19 and 20
are compared agsin in figure 21. It is gpparent that the medium slze
model  is sbout as large as should be tested, and the results for this
model, when compared wlth those for the small model, are very satisfactory.

Note that for the large model, in the supersonic range between Mach num-
bers 1.05 and 1.20, the 1ift and drag data particularly, and the pitching-
moment data to a lesser extent, all show seriocus discrepanciles.

The conclusion that valid data are provided by the medium size model
18 confirmed by the results appearing in flgure 22. 1In this figure, plots
gimilar to those previously shown in figures 19 through 21 are presented
for the medium and smell models at the same test Reynolds number - 0.6 -
million. Corrections for unequal Reynolds number are therefore unneces-
sary, and direct comparisons can be made. It will be observed from these
direct comparisons that nohe of the conclusions previously arrived at =
from considersitlon of figure 21 is to any extent altered by the data in
figure 22. In particular, the range of Mach numbers and angles of atiack
over which good agreement exists is the same In the one figure as it 1s
in the other. Furthermore, it 1s evident that such dlfferences as do
occur lie predominantly in the same direction and are approximately of
the same magnitude.

Interference on similar models.- From the results contained in fig-
ures 21 and 22, it can be stated that test data obtained in this wind
tunnel for wing-body models similar to the one tested, having frontal
projected areas 1/2 percent or less of the test-section cross-sectlonal
area and span-to-tunnel-height ratios not greater than one-half may con-
tain interference errors in Cj, as large as aboul 5 percent, up to 8o
angle of attack. For Cp the errors may be as large as 1l percent at
0° angle of attack, decreasing to about 6 percent at between L° and 8°
angles of attack. For Cp, errors as large as 13 percent may occur at
supersonic speeds. It should be kept in mind that smaller errors for _ o
Cy, and Cp could poseibly be quoted had the strain-gage balances been _ _
of better accuracy.

Shock-Wave Attenuatlon From Pressure Measurements

The resulis of previous sectlons have shown indirectly the efficacy ~
of the 6-percent-open walls in attepuating boundary-reflected disturbances.

S
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Further and direct evlidence of this property is shown in figure 23. This
plot presents pressure surveys at supersonic Mach numbers measured at a
time when the upstresm ends of the two vertical side walls of the test
sectlon were protruded into the air stream. These protrusions formed
crescent-shaped steps on the opposing sides of the tunnel, at the nozzle
exit, which varied in height from O at the ends (which were in the tunnel
corners) to 0.037 inch at the center on one side snd 0.023 inch on the
other. They resulted in the formstion of a strong compression-expansion
wave, apparent in the figure at all Mach numbers sbove 1.05. It is clearly
gseen that the strength of the reflections from this wave were considerably
reduced farther downstream. Quantitative evalustion of the wave attenu-
ating capablilities of the walls from these data is not possible, because
no corresponding solid-wall deta are availeble for comparison, and the
measurement points were not frequent enough (2-inch intervals) to always
detect the peak magnitudes of the compression waves. Yet is is worth
‘noting that at 1.25 Mach number, the Mach mumber variations in the model
test region are only about 10 percent that of the initial disturbance.

Pressure-Ratlo Requirements

Figure 2h has been prepared to illustrate the power required by the
Ames 2- by 2-foot transonic wind tunnel. Information has also been
included to eppraise the efficiency of the effuser, and to indicate the
reduction in power made possible by use of the suction pump as a supple-
ment to the effuser for removing air from the plenum chamber.

On figure 24 the static-pressure ratio between stetions 1 and 2
(see fig. 1) has been plotted as a function of Mach number with the test
section empty, end with a representative model at 1/4°, 8°, and 12° angles
of attack. Two groups of such curves are presented - the first shows the
Pressure ratios required when all of the air removed from the plenum cham-
ber leaves via the effuser; the second, the ratios when alr is removed with
both effuser and suction pump. The gross rate of alr removal in both cases
is gpproximastely the same, the amount removed by the suction pump (shown
by the dashed curve in fig. 24) having been adjusted so that the plenum-
chamber pressure was the -same as when only the effuser was used.

This flgure shows that pressure ratios as high as 1.26 are required
Just to obtain a tunnel-empty Mach nuwber of 1.Lk. To achleve this Mach
number with a model installed, even higher ratios are necessary. The
figure elso shows that large reductions in pressure ratio are provided by
the suction pump, although the amount of flow removed is as low as 1 to
1-1/2 percent of the tunnel mass flow. This result, of course, impliles
both that the effuser efficiency is low and that sizable power savings
are provided by the suction pump.

PN,
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Figure 25 shows values of effuser efficiency plotted versus test-
section Mach number, and figure 26 the net power saved as a proportion
of total power input to the main drive. As used here, effuser efficlency
is defined as the ratio of power required to deliver air from the plenum
chamber +to the main compressor inlet with zero loss to the power actually
required. The power actually required is equal to the difference in main-
drive power required when using the effuser alone and when using both the
effuser and suction pump. Inspection of these figures indlcates that the
effuser efficiency is low, varying roughly from 15 to 20 percent over the
Mech number range 1.1 to 1.3. The power saving available through use of
the suction pump is correspondingly large, averaging somewhat more than
15 percent of the main power without suction and amounting to between
300 and 40O horsepower per atmosphere of settling-chamber pressure.

SUMMARY OF RESULTS

The Ames 2~ by 2-foot transonic wind tunnel has been described as a
regsearch facility in which the Mach number can be varied continuously
from low subsonic values up to 1l.k.

From Mech number surveys in the empty wind tunnel it has been shown
that the Mach number variation is +0.003 ovér a 20-inch length up to
1.35 Mach number, and +0.005 over an 18-inch length at 1.40 Mach number.

For test models having frontal projected areas 1.15 and 0.51 percent
of the tunnel cross-sectional area, large reductions in wall interference
were attained with 6-percent open-area perforated walls, es compared to
practically solid walls, perforated in the corners to prevent choking.
For the 0.5l-percent-blockage model, in the supersonic speed range, these
reductions amounted to as much as 80 percent for drag coefficient.

From these tests it 1s concluded that the wall interference is small
for a model having a projected frontasl area of 1/2 percent of the cross-
sectional area of the test section and a wing-span-to-tunnel-helght ratio
of one-hslf. For models of this size no empirical corrections to test
data are at present considered necessery.

Auxiliary suction has been shown to be an effective means of reducing
the main compressor pressure-ratio requirements and over-all power con-
sumption. The use of between 1 and 1-1/2 percent mass removel can result
in sbout & 15-percent reduction in main-drive power.

Ames Aeronautical Laboratory
National Advisory Commlttee for Aeronautics
Moffett Field, Calif., Sept. 21, 1955
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Figure  2.- Sactionol visw of the oh-speed region of the 2-ly £2-foot Iransonic wind tunnel.
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GEOMETRY OF THE MODELS

Flgurel Small | Medium | Large

symbofl model | model moael
Span, in. A 4690 | /0946 16.4/8
Area, sq in. 7./126 | 38808 | 87.3//
c, in. B 1.6/8 3776 5664
Span T flocation, in. c 1.002 2335 3500
Root chord, in. D | 2/88 5./06 7659
Tip chord,in. E .85/ /.985 2977
Body nose fowing gpex,n. | F | 2783 6490 S72r
Wing apex fowing fip L.Ein | G K774 1.895 2842
Wing incidence, deg o o o
Boady lengrh, (theorefical),in) | | 8500 | 19833 | 29750
Body length, (actual), in. H | 6705 | 15644 | 23467
Maximurm body radius, ,in. | J 3490 794 1./109
Modke! blockage areg, percent

Tunnel cross section 08 S/ L5
Base area of body, sq in. Wire 1.075 2420
Body radjus, r, in.
- 2ody % }5/%

r ""/ '(/ " body /ensgf?f; f

Flgure 7-Geomelric characteristics for the small, mediumn, and lorge fest
having 3 - percent- thick bicorvex wing sections, aspect rafio = 309, faper
rafio = 0389, sweep of kading edge =/9/0° and sweep of % =/5°
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Medlum model, 6- percent-gpen walls, R =15 x I0°
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Drag coefficient, G,
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Pifching-moment coefficient, Cp,
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Pifching - moment coefficient, G,
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Drag coefficient, Gp
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Pitching-moment coefficient, Cr
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